In this study we characterized the extension, reciprocal arrangement, and orientation of syntenic chromosomal segments in the lar gibbon (Hylobates lar, HLA) by hybridization of a panel of ∼1000 human BAC clones. Each lar gibbon rearrangement was defined by a splitting BAC clone or by two overlapping clones flanking the breakpoint. A reconstruction of the synteny arrangement of the last common ancestor of all living lesser apes was made by combining these data with previous results in Nomascus leucogenys, Hoolock hoolock, and Symphalangus syndactylus. The definition of the ancestral synteny organization facilitated tracking the cascade of chromosomal changes from the Hominoidea ancestor to the present day karyotype of Hylobates and Nomascus. Each chromosomal rearrangement could be placed within an approximate phylogenetic and temporal framework. We identified 12 lar-specific rearrangements and five previously undescribed rearrangements that occurred in the Hylobatidae ancestor.
In contrast to the relatively well-conserved karyotypes of the other hominoids (great apes and humans), lesser apes are characterized by extremely rapid chromosome evolution. Lesser apes (family Hylobatidae) include at least 12 species divided into four genera: Hoolock (formerly Bunopithecus), Hylobates, Symphalangus, and Nomascus (Brandon-Jones et al. 2004; Mootnick and Groves 2005) . Each genus has a different diploid number: Hoolock, 2n = 38; Hylobates, 2n = 44; Symphalangus, 2n = 50; and Nomascus, 2n = 52. Chromosome translocations in each karyomorph have been documented using human and cross-species painting probes (Jauch et al. 1992; Koehler et al. 1995a,b; Arnold et al. 1996; Nie et al. 2001; Muller et al. 2002 Muller et al. , 2003 Hirai et al. 2003; Mrasek et al. 2003; Ferguson-Smith et al. 2005) . Recently, the chromosomes of the white-cheeked crested gibbon (Nomascus leucogenys, NLE) were defined in greater detail using highresolution methods Roberto et al. 2007 ). In particular, synteny conservation and orientation were defined by a large panel of human BAC clones hybridized on NLE chromosomes, and by in silico mapping of the BAC end sequences of an NLE BAC library against the human genome reference sequence (Roberto et al. 2007) .
In the present study we report detailed data on the synteny organization of the lar gibbon (white-handed gibbon, Hylobates lar, HLA), using a panel of almost 1000 human BAC clones. These results permit a clear picture of the flow of chromosomal changes from the recently proposed Hominoid ancestral karyotype to the extant Hylobates lar. We tested recent hypotheses concerning the ancestral karyotype of Hylobatidae by comparing our results with data on the chromosome organization of Hylobates lar, Nomascus leucogenys, Hoolock hoolock (HHO), and Symphalangus syndactylus (SSY).
The precise phylogenetic and taxonomic relationships between lesser ape taxa are still controversial (Muller et al. 2003; Takacs et al. 2005; Whittaker et al. 2007 ). However, recent biomolecular studies either place Hoolock or Nomascus as basal (Roos and Geissmann 2001; Muller et al. 2003; Takacs et al. 2005; Baena et al. 2007) , and most conclude that the genera Hylobates was the last and most recent genus to diverge (Takacs et al. 2005; Baena et al. 2007 ). In the present study, we have defined, using molecular cytogenetic tools, a high-resolution picture of synteny conservation and orientation in Hylobates lar. The results were then utilized to clarify the complex flow of chromosomal changes, which occurred in evolutionary lines leading to extant Hylobates lar and Nomascus leucogenys. Finally, our data allows us to test recent hypotheses about the ancestral Hylobatidae karyotype.
Results

Synteny segments definition
In order to define the synteny segments arrangements (SSA) of Hylobates lar, a total of about 980 human BAC clones were cohybridized in fluorescence in situ hybridization (FISH) experiments on metaphase chromosomes of this lesser ape. Examples of FISH experiments are reported in Figure 1 . Comparisons were facilitated by the fact that most of these BACs were already used to characterize the SSA of another lesser ape species, NLE (Roberto et al. 2007 ). All of the mapping data of the latter study refer to the human genome assembly hg17 (May 2004 release). For this reason, the present study refers to the hg17 release. Chromosomes 5, 8, 11, and 13-21, however, remained unchanged in the hg18 assembly (March 2006) , and only slight differences may occur for the other chromosomes. Further, BAC clones present in the hg17 release, but not present on the hg18, were avoided. Whenever possible, clones were selected in nonduplicated regions to avoid interpretation problems.
Additional human BAC clones were utilized in reiterative FISH experiments to define 12 HLA-specific rearrangements. The aim was to identify BACs yielding split signals or closely flanking each HLA-specific breakpoint. We also took advantage of sequenced Nomascus BAC-ends (CHORI-271 library), whose position on the human reference sequence was bioinformatically defined (see Roberto et al. 2007) . A selection of these clones was used to confirm HLA-specific breakpoints. The overall SSAs, defined by specific BACs, are reported in detail in three Supplemental Tables (ST1, ST2 , and ST3), assembled according to different perspectives. Table ST1 establishes the correspondence of human  chromosomes with respect to HLA and Nomascus chromosomes.  Tables ST2 and ST3 report SSA of Hylobates and Nomascus chromosomes, respectively, with reference to the human chromosomes and to the Hylobatidae Ancestral Karyotype (HyAK; see below) (Supplemental Figs. 1 and 2, respectively). The Nomascus synteny organization is essentially based on the data from Roberto et al. (2007) . The data reported in Supplemental Table  ST2 are also displayed, in a more figurative way, in Figure 2 and at the website www.biologia.uniba.it/lar.
A fuller understanding of HLA synteny arrangement presupposes the elucidation of the cascade of rearrangements that each chromosome underwent during evolution, from the hominoid ancestor to the present-day synteny organization in HLA. We reconstructed the synteny arrangement of HyAK based on the reconstruction by Muller et al. (2003) by comparing the HLA synteny data we established above with previous data on Nomascus leucogenys (Roberto et al. 2007) , and considering additional painting data from Hoolock hoolock (Nie et al. 2001) and Symphalangus syndactylus (Muller et al. 2003; Ferguson-Smith et al. 2005) . Details of the reconstruction are summarized in the Supplemental Table ST4 , and graphically illustrated in Figure 3 . The numbers reported to the right of each chromosome represent arbitrarily chosen landmarks useful in defining the chromosome composition and facilitate the description of rearrangements. The reference to the HyAK was also inserted in Supplemental  Tables ST2 and ST3 . We made several improvements to the Hylobatidae ancestral karyotype proposed by Muller et al. (2003) . Differences were essentially due to the higher resolution power of our BAC-FISH analysis. The newly discovered rearrangements all occurred in the common ancestor of Nomascus and Hylobates and consisted of three inversions (involving Hominoidea ancestral chromosomes ANC6, ANC9, and ANC13), and two translocations that involved the ancestral Hominoidea chromosomes ANC2q/ANC7 and ANC3/ANC11 (see Supplemental file SF1). We propose that these common changes can be incorporated into the Hylobatidae ancestral karyotype. Further minor changes may be eventually made to the HyAK once highresolution studies of Symphalangus and especially Hoolock are accomplished.
The hypothesized HyAK was then compared with the hominoid ancestral karyotype we recently presented ) and graphically displayed in Figure 4 . Supplemental Table  ST5 describes the organization of Hominoidea chromosomes compared with Hylobates, Nomascus, and HyAK. Comparison with the chromosomal organization of Hominoidea ancestor was crucial (1) to discriminate rearrangements that occurred in the Hylobatidae ancestor before branching and (2) to pinpoint changes that occurred, after Hylobatidae divergence, in the lineage leading to human. Because our objective was to test the already published Hylobatidae ancestral karyotype (Muller et al. 2003) , no computer-assisted reanalysis was necessary or done. Instead, new synteny segments found due to our higherresolution BAC-FISH approach were incorporated into the previous results. In each case we applied the maximum parsimony criteria and manually selected the rearrangements and breakpoints. Using these principles we were able to decide which chromosome forms were probably present in the Hylobatidae ancestral karyotype departing from extant chromosome forms and compared them with the chromosome hypothesized to be present in the ancestral hominoid karyotype . Two examples are provided in Figure 5 . Figure 5a shows the ori- Tables  ST1 and ST2 , where the BAC precise position on the human sequence is also reported. (b) The two BACs RP11-380J21 (red signal) and RP11-183N22 (green signal) are located, in humans, at chr3: 64,053,486-64,212,751 and chr3:4,328,222-4,493,696 , respectively, suggesting a rearrangement with respect to humans. On the contrary, the rearrangement occurred in the lineage leading to humans.
gin of HyA1 and HyA25, while Figure 5b shows the inversion present in ANC13 necessary to derive HyA8. Note in Figure 5a that Muller et al. (2003) , due to the limitations of chromosome painting, were not able to detect the small segment of ANC7 in NLE20, whose short arm corresponds to Hy25 (see Supplemental File SF3). Nie et al. (2001) used the NLE20 whole-chromosome painting as a probe on HHO metaphases and found the hybridization signal associated with HSA2 on HHO4. These investigators, however, do not report a 2/7 association for this chromosome, even if we now know that a small segment of HSA 7 is present in NLE20. BAC-FISH results directly indicate that this segment is present in NLE and indirectly show that it is present in HHO; therefore, the Hylobatidae ancestral karyotype must be modified accordingly. Figure 5b shows the inversion detected in both HLA and NLE. The only open question is the position of the centromere in HyA8; in other words, whether the inversion is paracentric or pericentric. The inversion appears pericentric in NLE (Roberto et al. 2007 ), while paracentric in HLA (this study) and, very likely, also in Hoolock: in HHO, the short arm of chromosome 2 is hybridized by NLE9 and NLE5, which derive from HyA8. The position of the two paint hybridizations suggests that the ancestral form, HyA8, was acrocentric. The present interpretation was favored because of parsimony reasons. The hypothesized evolutionary changes necessary to derive the Hylobatidaeancestor forms from the Hominoidea-ancestor chromosomal forms are graphically reported in the figures contained in the Supplemental File SF1. Similarly, the flow of changes from Hylobatidae ancestor to Hylobates lar are illustrated in Supplemental File SF2, while the flow from HyA to NLE is summarized in Supplemental File SF3. Rearrangements were introduced following the maximum parsimony criteria. The summary of SSA arrangement of HLA and NLE with respect to the Hylobatidae ancestor is depicted in Supplemental Figures SF1 and SF2 , respectively. The consistency of the reciprocal orientation of synteny blocks, which resulted from the hypothesized chromosomal rearrangements, especially inversions, was carefully tested against data derived from the cohybridization FISH experiments.
The rearrangements that occurred in Hylobatidae are grouped in Table 1 according to their phylogenetic position: from the Hominoidea ancestor to the Hylobatidae ancestor, from the Hylobatidae ancestor to HLA, and from the Hylobatidae ancestor to NLE. They are also grouped according to the rearrangement type: reciprocal translocations, Robertsonian (centric) fissions, Robertsonian fusions (centric translocations), fissions, fusions, inversions, and evolutionary new centromeres. In several instances the rearrangement triggered centromere inactivation. Table 2 summarizes these events, which are also displayed in the figures.
Centromere repositioning is the movement of the centromere along a chromosome without marker order variation. This phenomena produces novel centromeres, also termed as new evolutionary centromere (NEC), and is quite widespread in pri- Table S1 . Breakpoints in HLA are indicated by red bars (as in Supplemental Table S2 ). Breaks that occurred in HyA are represented by green bars (see Supplemental Table S1 ). (ϻ) Breakage and reunion in HLA and/or HyA, and the most proximal clones are reported. Rearrangements in HSA generate apparent breaks in HLA. These apparent breaks are indicated as clones facing each other (3M/3D, for example).
mates and other mammalian orders (see Cardone et al. 2006 , and references therein). We detected three clear examples of NECs in HLA (see Table 1 ).
Some break regions appear to be independently utilized as breakpoints in rearrangements, which occurred in other mammalian species. Supplemental Table 6 summarizes these data.
Discussion
We have cohybridized in situ a large panel of human BAC clones to HLA metaphases to gain detailed information on the extension, reciprocal arrangement, and orientation of syntenic chromosomal segments in the lar gibbon with respect to humans. The borders of each segment were defined by a splitting BAC or by two overlapping BACs spanning each breakpoint. These results can be considered as the major achievement of the present work because they provide a much higher level of resolution than previous cytogenetic comparisons between the genomes of humans and the lar gibbon.
Our approach discriminated between breakpoint-spanning probes and multiple signals due to segmental duplications, because all breakpoints were determined following reiterative FISH experiments approaching the break from both sides. Our detailed and high-resolution analysis unveiled 12 previously undetected, mostly subtelomeric rearrangements; the high plasticity of subtelomeric regions and their proneness to reciprocal translocations are well known (Flint and Knight 2003; Linardopoulou et al. 2005) .
A full understanding of the synteny arrangement and chromosome evolution in HLA can only be obtained by reference to the organization of both the ancestral Hominoidea and ancestral Hylobatidae karyotype. The ancestral hominoid karyotype, including marker order, was recently published by Stanyon et al. (2008) . A reconstruction of the ancestral Hylobatidae karyotype based on reciprocal chromosome painting was also recently presented (Muller et al. 2003) . This hypothetical ancestral Hylobatidae karyotype can be tested by comparing the high-resolution, BAC-FISH synteny data on HLA presented here with that of Nomascus leucogenys (Roberto et al. 2007) . Our data mostly support previous reconstructions of the ancestral Hylobatidae karyotype, but also allows us to propose a number of improvements due to the higher resolution of our approach (see Fig. 4 ; Supplemental Table ST4 ; Supplemental File SF1; www.biologia.uniba.it/lar). Once we have a proposal for the ancestral hominoid karyotype and the ancestral Hylobatidae karyotype, it is possible to reconstruct the flow of chromosomal changes from the Hominoidea ancestor to HLA, through the Hylobatidae ancestor. Likewise, previous high-resolution data published by our group on NLE permitted the same analysis of the rearrangements necessary to derive this species' chromosomes. It should be noted that only chromosome painting data are available for Hoolock and Symphalangus. If Nomascus and Symphalangus are sister species, as suggested by various investigators (Muller et al. 2003; Whittaker et al. 2007) , then the lack of BAC-FISH data on Symphalangus is not critical. However, it would be desirable to have a higher resolution study of both the Symphalangus and especially Hoolock genomes in order to provide full confidence in the reconstruction of the Hylobatidae ancestral karyotype. Certainly, our recon- Table ST4 , first column. struction is valid, as a few additional changes will be necessary once high-resolution studies of the remaining two karyomorphs are completed.
All of the rearrangements we detected could be grouped into four categories: (1) those that occurred after the divergence of the lesser ape lineage from the other hominoids (great apes and humans) and were present in the hypothesized Hylobatidae ancestral karyotype; (2) those that occurred apomorphically in HLA; (3) chromosome rearrangements that occurred apomorphically in the lineage leading to NL; (4) rearrangements that occurred in the line leading to humans, but could be incorrectly assigned as gibbon breaks because they were detected using human probes.
These distinctions were possible only in the framework of a detailed evolutionary history of lineages leading to human and to HLA gibbon after Hylobatidae/Hominidae branching and were crucial to avoid misinterpretations when the human chromosome is derived. For example, the portion of human chromosome 3 present on HLA4 might appear highly rearranged when compared with humans but, on the contrary, the ancestral order is perfectly conserved in HLA (see the example in Fig. 1b) . The difference is due to two successive inversions that specifically occurred in the lineage leading to humans after orangutan divergence (Ventura et al. 2004) . Figures depicting the reconstructed evolutionary history of chromosomes can be found in Supplemental Files SF1, SF2, and SF3. Some points, concerning chromosomes of special interest or discrepancies with the literature, will be discussed in detail below. More specific points are reported in the legends to the Supplemental Files.
The majority of the chromosomal differences between HLA and humans are due to rearrangements that occurred in the Hylobatidae ancestor (see Table 1 ). The HLA genome showed only 12 HLA-specific chromosomal events, while changes it inherited from the ancestor were 38. This result seems congruent with the conclusion from molecular work that Hylobates is the most recently evolved lesser ape genus (Roos and Geissmann 2001; Takacs et al. 2005; Baena et al. 2007; Whittaker et al. 2007 ). Molecular research converges on a date for lesser apes origins around 17 to 18 million years ago (Mya) (Caccone and Powell 1989; Bailey et al. 1991; Stauffer et al. 2001; Hasegawa et al. 2003; Raaum et al. 2005; Baena et al. 2007 ). According to these molecular analyses, crown species originated much later and Hoolock, Symphalangus, and Nomascus, whatever the exact order, diverged between 10 and 12 Mya. Finally, extant species forming the genus Hylobates began to diverge around 5 Mya. This time frame allows us to estimate rearrangement rates in different lineages and at different periods in the evolution of lesser apes, summarized in Table  1 . Because all living species of the genus Hylobates have essentially the same karyotype, it is clear that these rearrangements occurred in the last common ancestor of the 44 chromosome gibbons before they began to diverge 5 Mya, which provides 5 million years (Myr) to accumulate the rearrangements in Hylobates. The line leading to Nomascus diverged around 10 Mya, leaving 8 Myr (given an origin of the lesser ape line at 18 Mya) for the accumulation of rearrangements found in the common ancestor of these two species.
Rates and types of chromosome evolution differ in the diverse lineages. Rearrangements that occurred in their common ancestor were essentially translocations and inversions (29 out of 38 or 76%). In NLE, translocations and inversions were also predominant: 21 out of 28 (75%). In contrast, the HLA-specific re- Table S5 . Synteny arrangement differences with respect to humans are only due to peri/paracentric inversions (with the exception of the 2p-2q fusion). These breaks are indicated as clones facing each other (3M/3D, for instance). When a chromosome remained unchanged in humans, its human nomenclature is reported in italics.
arrangements are qualitatively different: 10 of the 12 (83%) HLAspecific rearrangements were chromosomal fusions. Indeed, the lar gibbon has 44 chromosomes, while the hypothesized Hylobatidae ancestor had a diploid number of 2n = 64 (Muller et al. 2003) .
The overall rate of evolution was more rapid after the divergence of lesser apes from hominids. In about 8 Myr, 38 rearrangements accumulated in the common ancestor of living lesser apes (4.75 events per million years). Rates slowed to about half in the lineage leading to the genera Hylobates (2.4) and Nomascus (2.8).
All of these evolutionary rates are quite impressive, because the default rate of mammalian chromosome evolution is about one rearrangement every 4 Myr (0.25). The gibbon rates are at least a magnitude higher (10-20 times higher) and up to twice those found in the mouse (1.71-2.76) and the canine (2.1) lineages (Murphy et al. 2005) . Higher rates of evolution are only found in some gerbils (Dobigny et al. 2005) and in the karyotypic evolution of onager, donkey, and zebras (Trifonov et al. 2008) .
Hylobates/Hominoidea chromosomal differences affected all HLA autosomes. Even though Hominoidea chromosomes 13, 14, 15, 18, 20, 21 , and 22 constitute a single, uninterrupted chromosomal block in the lar gibbon, most of them are part of larger chromosomes and/or show internal rearrangements. These differences appear even more impressive if compared with the relatively high chromosomal stability of the other Hominoidea lineages. Human and orangutan, for instance, share with the Hominoidea ancestor 14 and 11 unchanged chromosomes, respectively. In HLA, the only conserved chromosome is the X, which appeared to be colinear to the human X, and probably, to the mammal ancestral form (Murphy et al. 1999 ). The X chromosome conservation, however, is not unexpected. The exclusive inactivation mechanism that compensates gene expression in mammalian females make this chromosome refractory to rearrangement with autosomes (Homolka et al. 2007 ). Incident- Table. Usually, they correspond to a BAC, but when found at the borders of the synteny blocks, they identify two BACs facing each other following a rearrangement. The Hylobatidae Ancestral Kayotype (HyAK) is depicted in Fig. 3 .
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www.genome.org balanced X/autosome rearrangements, indeed, easily become functionally unbalanced when passed to the progeny, drastically precluding any evolutionary perspective. In humans, some clusters of segmental duplications present in nonpericentromeric regions are remains of inactivated centromeres (Ventura et al. 2003 (Ventura et al. , 2004 . In the present work, we unveiled, in Hylobatidae, a significant number of inactivated centromeres triggered by the high number of rearrangements (Table  2) . Additionally, a substantial number of breakpoints involved centromeric/pericentromeric regions (see the evolutionary history of HLA chromosomes, Supplemental File SF2). As a consequence, some ancestral pericentromeric regions became euchromatic, thus contributing to the dispersal of segmental duplications in euchromatic regions. In turn, euchromatic regions, ancestrally located far from centromeres, became contiguous with centromeres, where they were then exposed to shuffling processes typical of these regions (Ventura et al. 2007 ). We counted 10 such events (centromeres of HLA4, HLA5, HLA9, HLA10, HLA11, HLA16, HLA17, HLA19, HLA20, and HLA21). Taking into account these data, it would not be a surprise if the complete genome assembly of HLA or NLE eventually shows a high presence of interspersed segmental duplications.
Supplemental Table 6 summarizes the reuse of some chromosomal regions as breakpoints in different species. The reuse of some regions as places of "chromosomal events" like rearrangements, segmental duplications, fragile sites, and centromere repositioning has been pointed out in a number of studies (Armengol et al. 2003; Pevzner and Tesler 2003; Bailey et al. 2004a; Ventura et al. 2004; Ruiz-Herrera et al. 2005) .
Centromere movements
Many examples of centromere repositioning events have been reported in primates (Ventura et al. 2004 , and references therein). The evolutionary history of each HLA centromere was therefore accurately tracked for consistency with the flanking markers. The centromeres of HLA chromosomes 7, 11, and 19 were found clearly displaced with respect to their position in the Hominoidea ancestor, and can be considered as evolutionarily novel.
Concluding remarks
Pioneering studies by Jauch et al. (1992) revealed a high plasticity of the lar gibbon genome at the chromosomal level. The present study provides, at a much higher resolution, an accurate definition of synteny block extension, arrangement, and orientation that could prove very helpful for a sequencing effort for this species. As stated, the rearrangement rate of gibbons is at least an order of magnitude higher with respect to the average rate in mammals, and only comparable, as far as the sequenced genomes are concerned, to rates found in mouse and dog. The sequencing of the lar gibbon could therefore prove useful toward a deeper understanding of the mechanisms of genome instability. This topic is particularly intriguing because several factors at distinct levels may have contributed to this high rate: at the sequence level (segmental duplications for instance), at meiotic level (meiotic drive), and at social organization level (low N e promoted by monogamy). The present data point to a high level of segmental duplications in gibbons, H. lar in particular, contrary to what we found in mouse (Bailey et al. 2004b ) and dog (Lindblad-Toh et al. 2005) . This consideration further points to the sequencing of the lar gibbon genome as an appealing task that will facilitate hypothesis tests of lesser ape and genome evolution in general.
Methods
Fluorescence in situ hybridization (FISH) experiments
Metaphase preparations were obtained from a male lymphoblastoid cell lines from Hylobates lar. Occasionally, FISH experiments were performed on metaphases from a lymphoblastoid cell line of Macaca mulatta. BAC clones were from (1) the RPCI11 and CDD human library and (2) Nomascus leucogenys BAC library (CHORI-271) (for both libraries, see http://www.chori.org/ bacpac/). Extraction of total DNA from BACs was performed according to standard methods. Chromosome preparations were hybridized in situ with probes directly labeled with Cy3-dCTP, FluorX-dCTP, DEAC, Cy5-dCTP by nick-translation, essentially as described by Lichter et al. (1990) , with minor modifications.
Briefly: 300 ng of labeled probe (total BAC DNA) was used for the FISH experiments; hybridization was performed at 37°C in 2 SSC, 50% (v/v) formamide, 10% (w/v) dextran sulfate, 5 mg of COT1 DNA (Roche), and 3 mg of sonicated salmon sperm DNA, in a volume of 10 mL. Post-hybridization washes of FISH experiments were performed at lower stringency: 37°C in 2 SSC-50% formamide (three times), followed by three washes at 42°C in 2 SSC (three times). Chromosome identification was obtained by simultaneous DAPI staining, producing a Q-banding pattern. Some lar gibbon chromosomes, however, are difficult to distinguish on the basis of DAPI banding. The short and long arms of some lar gibbon metacentric chromosomes are also hard to distinguish (see a DAPI-banded karyotype at www.biologia.uniba.it/ lar). In these cases, an appropriate BAC clone was always cohybridized, as a reference, to unambiguously identify the chromosome and/or the chromosome arm under study.
Digital images were obtained using a Leica DMRXA2 epifluorescence microscope equipped with a cooled CCD camera (Princeton Instruments). Cy3 (red), FluorX (green), and DAPI (blue) fluorescence signals, detected with specific filters, were recorded separately as grayscale images. Pseudocoloring and merging of images were performed using Adobe Photoshop software. The chromosome harbors two inactivated centromeres. NLE9
HLA and HLE chromosomes in the same row are orthologous.
